Blue photoluminescence was successfully generated from zinc oxide by doping magnesium or cadmium. MgZnO and CdZnO films were deposited on glass substrates by a spin-on/pyrolysis method with low heating temperatures (600 -700 °C) in H 2 /N 2 and air, respectively. Structural analysis revealed that all the films were crystallized in the wurtzite-type structure. The c-axis length of ZnO was changed by the doping, indicating that Mg and Cd could be incorporated into the ZnO lattice through the present synthetic method.
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Wide-gap oxide semiconductors are attractive materials as phosphors if they could exhibit visible emissions arising from defect levels created in the band-gap. However, defect-related emissions are usually sensitive to synthetic conditions and suffer less reproducibility. This inference holds true of blue band emissions possibly observed from oxide semiconductors such as β-Ga 2 O 3 and ZnO. β-Ga 2 O 3 can exhibit ultra-violet (UV) and blue emissions, which are assigned to recombination of a self-trapped exciton and a donor -acceptor pair, respectively, depending on the sample preparation conditions and the nature of defects. 1 ZnO is an n-type semiconductor having a wide band-gap of approximately 3.3 eV. Reduced ZnO, which is often termed ZnO:Zn, has been utilized as green phosphors because of its excellent luminescence properties under high-energy excitations. However, ZnO is also known to exhibit much more complicated luminescence behaviors in the visible wavelength region. Besides a UV near-band-edge emission at approximately 380 nm, visible deep-level emissions can be observed with a peak anywhere in the wide wavelength range from 450 -730 nm. 2, 3 In addition, there are some reports on the occurrence of blue band emissions centered at a shorter wavelength of 430 nm in ZnO thin films [4] [5] [6] [7] and nanostructures. [8] [9] [10] [11] Nonetheless, blue band emissions have not been paid attention to so far because they have much lower intensity than the applicable green band emissions and their origin remains unclear.
Recently, some important experimental results have been reported for blue emissions of ZnO. One might expect that visible luminescence of ZnO could be tailored by a band-gap broadening through quantum size effects. Actually, this kind of the tuning was achieved by
Xiong et al. 12 using polyether-grafted ZnO nanoparticles dispersed and stabilized in ethanol.
They found that peak wavelengths of visible emissions were dependent on the particle size of ZnO. That is, as the particle diameter decreased from approximately 4 to 1 nm, the emission peak exhibited blue-shift from 570 to 450 nm. One problem encountered in these nanoparticles is that they will lose their characteristic luminescence properties when they are dried and heat-treated to be loaded in practical devices. Another approach for tailoring 3 emission colors is to use a band-gap broadening through magnesium doping in ZnO. It is known that Mg-doped ZnO (MgZnO) materials exhibit blue-shifted UV emissions arising from recombination of excitons under influence of the band-gap broadening. [13] [14] [15] In our previous studies, we could apply this phenomenon to visible emissions of reduced ZnO films prepared by a spin-on/pyrolysis method. 16, 17 It was demonstrated that green band emissions (494 nm) of ZnO underwent a monotonic blue-shift to 462 nm, although this wavelength was still too long to be comparable to that of exiting blue phosphors. In terms of the electronic structure, blue-shifted visible emissions from MgZnO can be classified into "bulk phenomena" and are not related to the "nanostructure". This fact implies that MgZnO is promising as a practical solid-state blue phosphor, if we can achieve blue emissions of shorter wavelengths.
In this article, we show that intense and reproducible blue band emissions centered at 451
and 437 nm could be produced from MgZnO and CdZnO films, respectively. The latter film composition has been chosen because doping of isovalent Cd 2+ ions in ZnO can also modify the electronic structure, especially the band-gap. Due to low temperatures (600 -700 °C)
employed for the film deposition, the solid solubility of ZnO could be enhanced, as compared to high-temperature (typically 1000 °C or higher) processed ceramic specimens reported in the literature. 18 We suppose that blue emissions of MgZnO arise from recombination of electrons in the V 
Experimental
Preparation conditions such as precursor compositions, heating temperatures and atmospheres, and film compositions were preliminarily examined and optimized to obtain high-quality films for structural and optical investigation. We focused our attention to the high-level Mg doping in ZnO to achieve shorter wavelength emissions. MEA was added. Molar ratios of MEA : Zn and MEA : Cd were fixed at 1 : 1. After stirring, the resultant solutions were mixed together and stirred further for 1 day. The Cd content y was varied between 0 and 0.12. A spin-on/pyrolysis procedure was the same as that described above for MgZnO. Heat treatments for CdZnO were carried out at 700 ºC for 10 min in air.
The coating/heating procedure was repeated two additional times to increase the film thickness. It should be noted that heating the CdZnO films in reducing atmosphere did not produce Cd-doped ZnO. Actually, no change in structure and optical properties was observed for nominal Cd y Zn 1-y O compositions after heating in 4%H 2 /96%N 2 . This could be related to the volatile cadmium precursor.
Phase identification of the resultant MgZnO and CdZnO films was performed with an X-ray diffractometer (Rigaku) using CuKα radiation. X-ray photoelectron spectroscopy (XPS) was carried out using MgKα radiation for elemental analysis (JEOL, JSP-9000MC). A thin Au layer (approximately 0.5 nm) was deposited on the surface of the films and XPS data 5 were corrected using the Au 4f 7/2 level (83.8 eV) as a reference. The film morphology was observed by field-emission scanning electron microscopy (FESEM) using a microscope (Hitachi, S-4700). Optical transmission spectra were recorded with a UV-visible spectrophotometer (Hitachi, U-3300). Photoluminescence (PL) spectra were measured at room temperature using a xenon lamp (150 W) as a light source (Shimadzu, RF-5300PC).
Emission scans were performed with 1.5 nm bandpass emission slits. A filter was used to remove a second-order peak of the excitation light in the PL measurement.
Results and Discussion

MgZnO films.
It is important to understand thermal decomposition and crystallization behaviors in preparing inorganic materials through pyrolysis. Previously, we studied the formation mechanism of ZnO in the processes employed in the present work. 19 Aminoethanols such as monoethanolamine and diethanolamine act as bidentate ligands to Zn length is known to be decreased by increasing the Mg content in ZnO, 23 our observation 6 indicates that the solubility of Mg was changed by using the different solutions. It should be noted that the increase in the Mg concentration corresponds to the increase in the total metal concentration of the precursor solutions. Our results then suggest that the Mg solubility can be controlled by the precursor chemistry. Optical measurements described below also support the enhanced Mg solubility.
The chemical state of zinc and magnesium was analyzed by X-ray photoelectron spectroscopy (XPS). Optical properties of the films were analyzed first with transmission spectra shown in obtained by heating at 700 ºC in air. It is confirmed that all the films exhibit the patterns which are typical of the wurtzite structure. However, the relative intensity ratio of the diffraction peaks differs among the samples. This is probably because chemistry of the coating solutions influences the decomposition and crystallization behavior of ZnO deposited on the substrate during the heat treatments. Preferential orientation of the ZnO films is often seen and is attributed to initial orientation of nuclei and/or final growth orientation. 19 An inset in Figure 5 depicts the dependence of the c-axis length of Cd y Zn 1-y O on the Cd content y.
There is a clear tendency that the c-axis is expanded by the Cd doping, in contrast to the case of the Mg doping described above. A primal reason for this phenomenon is that the Cd 2+ ion, which occupies the zinc site, has a larger ionic radius than the Zn 2+ ion (Cd
2+
: 0.078 nm; Zn
0.060 nm). 30 These results indicate that the films are essentially the single phase of the wurtzite type Cd y Zn 1-y O.
Typical film morphology is presented in Figure 6 as FESEM images observed for demonstrating that the electronic structure of ZnO could be tuned by the Cd doping. Actually, the E opt value was monotonically decreased from 3.27 (y = 0) to 3.20 (y = 0.04), 3.13 (y = 0.08), and 3.12 eV (y = 0.12). The relatively large E opt value of the y = 0.12 sample would come from the difficulty in determining the accurate absorption edge. Actually, the film shows a slight decrease in transmittance at wavelengths between 400 and 500 nm probably due to scattering, as seen from Figure 7a . It has been suggested that the yellow emission from ZnO is related to the single negatively charged interstitial oxygen ion (O i´) . 31 As to the UV emissions due to recombination of the excition, the wavelength is red-shifted from 380 to approximately 396 nm by the Cd-doping, probably because of the smaller band gaps in the Cd-doped ZnO films. 32 Therefore, it can be said that the new blue emission band is caused by the defect levels that are created between the conduction and the valence band. One possible mechanism of the generation of the blue emission band is creation of the shallow donor levels arising from Zn i •• defects. 4, 7 If this mechanism was correct, the conductivity of the ZnO films would be changed by the 10 Cd-doping. Then we measured the sheet resistance of the films. Although the non-doped ZnO film did not show appreciable conductivity with our measurement apparatus (K-705RS, Kyowariken) using a four-points method, the Cd-doped films were found to have relatively 
